Anthropogenic activities can induce major trophic shifts in aquatic systems, yet we have 25 an incomplete understanding of the implication of such shifts on ecosystem function, and on 26 primary production in particular. In recent decades, phytoplankton biomass and production in the 27
Introduction 47 External stressors such as invasive species and nutrient loading frequently alter the 48 structure of aquatic ecosystems (Scheffer et al., 1993; Folke et al., 2004) . When an ecosystem's have across the broad latitudinal gradient of the study lakes. We assumed that all lakes had full 138 ice coverage from December to February, and set PP to zero during this period. This assumption 139 provides conservative PP calculations for these lakes, which cover a relatively large latitudinal 140 gradient, and may be experiencing shortening periods of ice cover due to climate change (Assel 141 et al., 2003; O'Reilly et al., 2015) . However, we opted to standardize the ice cover period so as 142 to focus on the specific effects of water clarity and bathymetry on whole-lake PP. 143 We assumed a uniform vertical distribution of Chl a in the water column during spring 144 (March, April, May) and fall (September, October, November) turnover periods. Lakes were 145 considered to feature a subsurface chlorophyll maximum (SCM) during the summer (June, July, 146 August), the depth and shape of which was calculated from the literature (Barbiero & Tuchman, 147 2001) using summer K d values for each basin (Table S1 ). Basin-specific P b max and ɑ values for 148 phytoplankton were derived from the literature (Tables S2-S6) , and were constant among 149 decades. Annual (ice-free) mean values for P b max and ɑ were applied for all lakes except Lake 150 Erie, for which only May-August means were available. Although phytoplankton P b max responds 151 to temperature and nutrient changes in the water column (Staehr & Sand-Jensen, 2006) , the range 152 and mean phytoplankton P b max values in the Great Lakes can vary from year to year without 153 displaying temperature dependence (Lohrenz et al., 2004) . Thus, there are insufficient data to 154 determine the degree to which the effects of long-term declines in pelagic nutrients (Dove & 155 Chapra, 2015) would be counteracted by long-term increases in temperature in these systems 156 (O'Reilly et al., 2015) .
157
The importance of light in the benthic productivity model captures the well-documented 158 increase in attached algal production in the Great Lakes in response to dreissenid invasions 159 (Lowe and Pillsbury 1995; Higgins et al. 2008) . It is plausible that long-term reductions in 160 phosphorus could cause reductions in periphyton production similar to changes in phytoplankton,
161
yet the data do not support this. Rather, the highest rates of periphyton productivity have been 162 reported for oligotrophic Lake Superior (Stokes et al. 1970) and there is strong evidence that the 163 increase in water clarity caused by dreissenid invasions in the lower Great Lakes has been 164 accompanied by a phosphorus shunt to benthic primary producers (Hecky et al. 2004; Higgins et 165 al. 2008 ). Furthermore, the inclusion of a nutrient response to modeled periphyton production 166 has little effect on whole-lake benthic primary production (Vadeboncoeur et al., 2008) . Several 167 sensitivity analyses for estimating whole-lake benthic primary production demonstrate that our 168 approach of incorporating depth-specific variations of P max , I k , and actual lake bathymetry yields 169 the most accurate estimates of whole-lake benthic primary production (Genkai-Kato et al., 2012; 170 Higgins et al., 2014; Devlin et al., 2015) and provides the most accurate comparison of 171 planktonic and benthic PP (Vadeboncoeur et al., 2008 (Vadeboncoeur et al., , 2014 Vander Zanden et al., 2011) photosynthetically active radiation (I0) (Stokes et al., 1970; Vadeboncoeur et al., 2014) . We 184 calculated whole-ecosystem benthic PP for three BP maxZ50 values (30, 150, and 400 mg C m -2 h -1 ) 185 that represent the range of light-saturated periphyton productivities measured in the Great Lakes.
186
To approximate the shape of the relationship between depth and periphyton production (mg C m -187 2 h -1 ) observed in the literature (Stokes et al., 1970; Vadeboncoeur et al., 2014) , we applied one 188 of two formulas for light-saturated depth-specific benthic productivity (BP maxZ ) at each 1 m 189 depth interval (Z, m) depending on whether light at that depth interval was > 50% surface light 190 or < 50% surface light. The first formula was empirically derived (Stokes et al., 1970; 191 Vadeboncoeur et al., 2014) and assumed that light-saturated productivity increased linearly with 192 depth from the lake edge to a maximum value BP maxZ50 at the depth of 50% I0. productivity at the lake edge was assigned a value of half the rate at 50% of surface light: Where I 0,t is the surface irradiance (μmol m -2 s -1 ) of each basin at time t (the same being applied 215 to planktonic PP estimates), t is represented in intervals of 0.5 h across the full day length The formula for I k was determined from direct measurements (Y. Vadeboncoeur, 222 unpublished) of algal growth on sediments in another large lake (Lake Tanganyika, Africa benthic PP increased in all lakes but Lake Erie (Table 1 ). During the same period, the relative 234 contribution of benthic PP to whole-lake PP increased in all lakes (Table 2) . At the lower limit of 235 our tested range (BP maxZ50 = 30 mg C m -2 h -1 ), benthic PP represented 1 to 8% of whole-lake PP 236 in the Great Lakes, while at the upper limit (BP maxZ50 = 400 mg C m -2 h -1 ) it represented 8 to 53%
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( Table 2) . Mean lake depth was not a significant predictor of the relative importance of benthic 238 PP to whole-lake PP (P = 0.31 at BP maxZ50 = 150 mg C m -2 h -1 ). Instead, there is a strong positive 239 relationship between the fraction of a lake's sediments within the euphotic zone (I0 at the 240 sediments > 0.5% lake surface values) and the relative contribution of benthic PP to whole-lake 241 PP (r 2 = 0.54, P = 0.0002; Fig. 1 ). When BP maxZ50 = 150 mg C m -2 h -1 , the relationship between 242 the fraction of sediments in the photic zone and the relative contribution of periphyton to whole-243 lake production approached 1:1. The BP maxZ50 rates required for a full compensation of planktonic PP losses by benthic PP 258 gains varied greatly between lakes, from 161 mg C m -2 h -1 in Lake Superior to 2680 mg C m -2 h -1 259 in Lake Huron (Table 1) . These values were within our tested range of BP maxZ50 rates in Lake 260 Superior and Lake Ontario, indicating that whole-lake PP may have been stable or even 261 increased in these lakes during the study period (Table 1 ). In Lake Superior ( Fig. 2a,b ; Table S2 ), 262 the compensation point (BP maxZ50 = 161 mg C m -2 h -1 ) occurs below half of the maximum 263 benthic productivity rates for this lake (Stokes et al., 1970) , while in Lake Ontario (Fig. 2c,d; 264 Table S3 ) the compensation point (BP maxZ50 = 184 mg C m -2 h -1 ) is roughly in the same range as 265 14 measured rates of Cladophora production alone in an urbanized area of this lake (~120 mg C m -2 266 h -1 ) (Malkin et al., 2010a) . Lake Michigan (Fig. 3a,b ; Table S4 ) and Lake Huron (Fig. 3c,d; 267 Table S5 ) both featured large planktonic PP declines (Evans et al., 2011) , and required the 268 highest BP maxZ50 rates for full benthic PP compensation (Table 1 ). BP max rates approaching 1000 269 mg C m -2 h -1 have been documented (McCormick et al., 1998) , but not in the Great Lakes. We 270 found no data for benthic productivity in Lake Michigan and the few data for Lake Huron Lake Erie (Fig. 4a,b ; Table S6 ) experienced the greatest decline in planktonic PP of the 292 five lakes, but was the only lake to also feature a net decline in benthic PP ( whole-lake PP compensation between the water column and benthic zone could not be made for 308 Lake Erie (Table 1) . showing that benthic PP is an increasingly important resource for local fish populations (Rennie   322   et al., 2009; Rush et al., 2012; Turschak et al., 2014) . Surprisingly, shallow basins did not have 323 the highest relative contributions of benthic PP, because they had the lowest water clarity. Thus, 324 a complex interaction between basin morphometry and water clarity determines the degree to 325 which benthic periphyton can compensate for phytoplankton declines (Fig. 1) .
326
Our calculated values of phytoplankton production were within the range of previously 327 reported values in the Great Lakes (Table S7 ). However, direct comparisons for each decade 328 were impossible due to the broad range of methods adopted by previous studies, large time gaps 329 between published measurements, and a reporting bias towards summertime measurements in 330 eutrophic basins (which in some cases exhibited daily values ranging two orders of magnitude).
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Although we calculated a net decline in planktonic PP in all systems, this was not always 332 associated with local increases in water clarity and benthic PP. Specifically, linear regressions 333 between Chl a concentrations and K d values were significant in all lakes except Lake Erie (P = 334 0.38) and Lake Ontario (P = 0.09). Water clarity and Chl a concentrations in the Great Lakes 335 may be decoupled due to resuspended inorganic particulates (Makarewicz et al., 1999; Burns et 336 al., 2005; Porta et al., 2005) , calcite precipitation events (Barbiero et al., 2006) , and dissolved 337 organic carbon dynamics (Biddanda & Cotner, 2002) .
338
These results indicate that future research into the biogeochemistry or food web dynamics 339 of the Great Lakes and other large aquatic ecosystems should include both benthic and water-340 column processes. The mean depths of the Great Lakes' littoral (photic) zones were estimated to 341 range from 8 m in Lake Erie to 43 m in Lake Superior (Table S8 ). Although we did not include 342 submerged macrophyte communities in our analysis, increasing water clarity from the 1970s to Knapton & Petrie, 1999). The primary production rates of submerged macrophytes are often 345 minor relative to benthic algal productivity (e.g., Brothers et al., 2013) , but macrophyte 346 abundance is positively linked to fish production in the Great Lakes (Randall et al., 1996) , and 347 can have direct and indirect negative effects on phytoplankton productivity, even in large lakes 348 (Blindow et al., 2014; Sachse et al., 2014) . The results of this study also make it clear that more 349 data are needed on the natural range of periphyton BP max rates, and the relative influence of 350 temperature, nutrient availability, and water clarity on periphyton in the Great Lakes. Periphyton
351
BP max rates appear to be highest in clear-water systems. Thus, it is plausible that BP max rates have 352 increased in the Great Lakes during our study period, and the compensatory responses of 353 periphyton to increased water clarity are higher than we have estimated.
354
The net increases in water clarity and declines in nutrient concentrations since the 1970s Lakes may not necessarily confer a decline in primary (or, potentially, secondary) production, 365 but rather a spatial shift from offshore resource reliance towards a greater role for basal near-366 shore resources. This conclusion further lends weight to the 'near-shore shunt' hypothesis 367 proposed by Hecky et al. (2004) , who suggested that a decline in offshore nutrient concentrations 368 in the Great Lakes might begin with reduced anthropogenic nutrient loading, but could be 369 reinforced and exacerbated by an increase in the utilization of nutrients in near-shore zones, 370 effectively starving the pelagic zone. Despite this potential lake-wide productive resilience, 371 anthropogenic stressors affecting the Great Lakes are concentrated in the same near-shore zones 372 which are becoming increasingly important to the food webs (Vadeboncoeur et al., 2011; Allan 373 et al., 2013) . In light of this, the energetic base of the Great Lakes' food webs may be more 374 vulnerable to anthropogenic stressors than it was forty years ago. 
